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Summary
Two parachute fabrics, described by Parachute Industry Specifications PIA-C-7020D Type I and PIA-C-44378D Type I, were tested to obtain their permeabilities in air (i.e., flow-through volume of air per area per time) over the range of differential pressures from 0.146 psf (7 Pa) to 25 psf (1197 Pa). Both fabrics met their specification permeabilities at the standard differential pressure of 0.5 inch of water (2.60 psf, 124 Pa). The permeability results were transformed into an effective porosity for use in calculations related to parachutes. Models were created that related the effective porosity to the unit Reynolds number for each of the fabrics. As an application example, these models were used to calculate the total porosities for two geometrically-equivalent subscale Disk-Gap-Band (DGB) parachutes fabricated from each of the two fabrics, and tested at the same operating conditions in a wind tunnel. Using the calculated total porosities and the results of the wind tunnel tests, the drag coefficient of a geometrically-equivalent full-scale DGB operating on Mars was estimated. To quantify the effect of fabric permeability 1 on the parachute's aerodynamic characteristics, subscale model parachutes of nominally identical geometries were fabricated from each of two fabrics. These two fabrics had very different permeability characteristics (i.e., permeability values at given differential pressures). The permeabilities of both fabrics were needed over a wide range of differential pressures to fully exploit the results of the wind tunnel test.
This technical memorandum describes tests conducted to obtain the needed fabric permeability data. Using these data, the effective porosities of the fabrics are calculated and mathematically modeled. These mathematical models are then applied to the determination of the parachute's total porosity and evaluation of the effect of fabric permeability on the parachute's drag coefficient.
Permeability Testing

Fabrics
The two parachute fabrics used in the permeability testing were PIA-C-7020D Type I and PIA-C-44378D Type I as described by Parachute Industry Association (PIA) specifications (refs. 2 and 3, respectively). Both fabrics were woven from nylon fibers. Key specification properties of these two fabrics are given in table 1. 
Test Instrument
Testing was conducted in air using a Textest Instruments FX 3300 Labotester III Air Permeability Tester (see figure 1 ). 
Test Samples
The two fabrics used in the permeability testing were from the same lots as those used to fabricate the model parachutes used during the wind tunnel test described in reference 1.
For each fabric, a single piece of approximately 1 yd 2 (0.8 m 2 ) in area was provided to the testing laboratory. Five samples were selected from each of these pieces of fabric. The locations of the samples, and the numbering scheme used to identify them, are shown in figure 2. Each square in this figure was approximately 6.5 × 6.5 in (16.5 × 16.5 cm). Placing samples near the fabric edges was avoided. The samples were not cut from the fabric provided; the test instrument allowed for testing without cutting the fabric. Figure 1 shows a sample in place for testing. 
Test Matrix
The test matrix is given in 
Test Procedure
Twenty-four hours prior to testing, the fabric pieces were unfolded and set aside so that they could reach equilibrium with the laboratory's environmental condition (which were almost constant). Testing was conducted at the laboratory's temperature and relative humidity. Each sample was installed on the test instrument as shown in figure 1 . Testing proceeded in the sequence shown in table 2 by setting the desired differential pressure and recording the measured permeability. A given sample was tested in the specified differential pressure sequence without being reset (i.e., removed and reinstalled) in the test instrument. After each test (i.e., permeability measurement at a specific differential pressure) the differential pressure was reduced to zero and the sample was allowed to "rest" for approximately four minutes before testing at the next value of the differential pressure.
Data Acquisition
The following quantities were recorded during testing:
Permeability Test Results
The permeability results are shown graphically in figures 3 and 4, and in summary in tables 3 and 4 (for PIA-C-7020D Type I and PIA-C-44378D Type I fabrics, respectively). A complete set of permeability results is presented in tables in Appendix A.
Several observations can be made from these results:
1. The permeability of both fabrics increases with differential pressure over the range of differential pressures used in the test.
2. The permeability of the PIA-C-7020D Type I fabric is much greater (> 25X) than that of the PIA-C-44378D Type I fabric.
3. Both fabrics met their permeability specifications (see figures 3b and 4b).
4. The variation in the permeability results at a given differential pressure was significant. For the PIA-C-7020D Type I fabric the permeability range divided by the average value was in the range from 0.15 to 0.18 over the tested differential pressure range (see table 3 ).
For the PIA-C-44378D Type I fabric the permeability range divided by the average value was in the range from 0.25 to 0.30 over the tested differential pressure range (see table 4 ).
5. For a given fabric, the principal source of variation in the results seemed to be the sample location within the piece of fabric provided for testing. This observation was supported by the difference in the results between Samples 1 and 5, which were tested using the same test sequence (see table 2 ). The test sequence did not seem to be a significant source of the observed variation. Additional replicate testing (see Appendix B) indicated that test-to-test variation was not the principal source of the variation. Note: In tables 3 and 4 above, data for all samples at a specific differential pressure (original tests only, not including replicates) were used to determine the average, minimum, maximum, and range of permeabilities.
Effective Porosity Test Results, Modeling, and Application
To make full use of the results presented in the previous section, the fabric permeability needs to be transformed to a quantity that allows for the determination of its contribution to the parachute's porosity. This transformation is accomplished by calculating an effective porosity from the fabric permeability results. The approach followed herein to obtain, model, and apply effective porosity closely follows that presented by Lingard and Underwood in reference 5 and in unpublished lecture notes by Lingard in reference 6.
Effective Porosity Test Results
An effective porosity, c e , can be defined as
where u is the fabric permeability (interpreted here as an airspeed through the fabric), and U is a fictitious freestream airspeed 2 related to freestream dynamic pressure. The value of U is determined from the differential pressure across the fabric,
where ρ is the density of the fluid. In the present analyses, the fluid is considered to be incompressible. From theoretical considerations, c e can be modeled as a function of the unit Reynolds number R e using U as the reference airspeed:
where µ is the coefficient of viscosity (dynamic viscosity) of the fluid.
From the permeability results already presented, c e and R e were calculated for both fabrics from equations (1)- (3) using the following additional equations and constants: the equation of state and the gas constant for air, R, (ref. 8)
and Sutherland's formula for µ, and its constants β and S for air (ref. 8) 
The value of µ was calculated in SI units (N•s/m 2 ) using the equation and constants from reference 8 and then converted to U.S. Customary Units (lb•s/ft 2 ).
The original permeability results (i.e., those presented in Appendix A) were processed to yield c e vs. R e . These effective porosity results are shown by symbols in figures 5 and 6, and in summary (averaging points at the same value of Δp) in table 5 for both PIA-C-7020D Type I and PIA-C-44378D Type I fabrics. A complete set of effective porosity results are given in tables in Appendix C. 
where K 1 and K 2 are constants dependent only on the specific fabric. Nonlinear least-squares fits of the porosity data presented in Appendix C were performed using equation (6) . The values of K 1 and K 2 obtained from these fits are given in table 6. The curves created using these fits are presented graphically in figures 5 and 6 as black dashed lines labeled "K 1 , K 2 model " (note that in these figures the fits are shown extrapolated for values of R e beyond the available porosity test data). As can be seen from figures 5 and 6, equation (6) with appropriate values of K 1 and K 2 provide good fits to the porosity results, except for the lowest values of R e for the PIA-C-44378D Type I fabric. in table 5 were used to create spline models. These models attempted to fit the porosity results with a smooth curve that did not necessarily go through each point (c e,Avg , R e Avg ) . The spline models are shown as solid red lines in figures 5 and 6. These spline models provide an alternative to the "K 1 , K 2 model" defined by equation (6) and may be better models to the data in some intervals. Note, however, that the spline models are not suitable for extrapolation to values of R e other than those used to create them.
Effective Porosity Application
The total porosity of the parachute, λ T , can be calculated using the equation
where λ g is the geometric porosity of the parachute, and k is the discharge coefficient with a value somewhere between 0.6 and 0.7. 3 In equation (7), the term kλ g is the contribution of geometric porosity of the parachute to λ T , and the (1 -λ g )c e term is the contribution due to fabric permeability. To estimate c e , an appropriate value of R e has to be determined for use in the porosity models described in the previous section. Solving equation (2) for U and substituting the result into equation (3) yields
In equation (8), it is assumed that the flight condition is known and, thus, ρ and µ are known. Thus, what remains to be done to calculate R e is to determine Δp. Two methods are presented here for calculating Δp. From reference 5:
where q is the dynamic pressure at the flight condition, C D is the parachute's drag coefficient, S 0 is the parachute's nominal area (used as the reference area for C D ), and S p is the parachute's inflated projected area. Note that the value of Δp determined by equation (9) is the drag of the parachute, qC D S 0 , divided by the projected area, S p . A simplified calculation for Δp is
The differential pressure yielded by equation (10) is equivalent to assuming that the inside of the canopy is at total pressure and the outside is at freestream static pressure (in incompressible flow).
Both methods yield approximate values of Δp on the parachute's fabric. Method 1 is theoretically more accurate, because it accounts for the relationship between the differential pressure across the fabric and the parachute drag, but it requires knowledge of C D , S 0 , and S p . Method 2 only requires knowledge of the dynamic pressure at the flight condition.
Results using the equations above are presented in table 7 for two Disk-Gap-Band (DGB) parachutes of nearly identical geometry and tested at essentially the same conditions (i.e., Mach number and dynamic pressure). These DGB parachutes were subscale (6.7 percent) models simulating the Mars Science Laboratory (MSL) descent configuration. They were tested in the NASA Langley Research Center Transonic Dynamics Tunnel as described in reference 1. Each parachute was fabricated using either PIA-C-7020D Type I or PIA-C-44378D Type I fabric. The test condition was selected because it is relevant to Mars-flight operations. A value of k = 0.7 was assumed in the calculations. For the parachute fabricated from PIA-C-7020D Type I fabric, the contribution of fabric permeability to the total porosity was significant: (1 -λ g )c e /λ T ≈ 0.21. Conversely, for the parachute fabricated from PIA-C-44378D Type I fabric, the contribution of fabric permeability to the total porosity was insignificant: (1 -λ g )c e /λ T < 0.005. Both parachutes had nearly the same geometric porosity. However, the contribution of fabric permeability yielded a large difference in the total porosity, λ T ≈ 0.107 vs. λ T ≈ 0.084, for the parachutes fabricated from PIA-C-7020D Type I and PIA-C-44378D Type I fabrics, respectively. In this example the difference between the Method 1 and Method 2 calculations yielded only small differences in c e and λ T . Notes: The test Mach numbers were 0.41 for the data shown above. The effective porosities, c e , were calculated using the "K 1 , K 2 model" defined by equation (6) with the values for K 1 and K 2 presented in table 6.
As expected, drag coefficient is affected by the total porosity. The parachute with the lower total porosity (λ T ≈ 0.084, fabricated from PIA-C-44378 Type I fabric) has a higher drag coefficient, C D = 0.626, than the one with the higher total porosity (λ T ≈ 0.107 fabricated from PIA-C-7020D Type I fabric), C D = 0.583.
With the calculated values of λ T , and the known values of C D at the test condition being considered, an interpolation was constructed to determine an estimated value of C D at a different flight condition. Based on the data in table 7, the following linear relationships between λ T and C D were defined using the data for both parachutes:
Note that the identities of Method 1 and Method 2 were retained in equations (11) and (12), respectively, by specifying different linear constants (C 0,M1 , C 1,M1 ) and (C 0,M2 , C 1,M2 ). Values for these constants are given in table 8. Note that the linear relationships specified in equations (11) and (12) with the constants shown in table 8 are specific to the example's parachute/payload geometry (MSL) and Mach number (0.41). The next step is to derive equations for the determination of C D given the flight conditions and the parachute fabric used. Considering Method 1 first, combining equations (11), (7), (6), (8), and (9) yields
Similarly, for Method 2, combining equations (11), (7), (6), (8), and (10) yields
Several observations can be made regarding equations (13) and (14):
1. The flight parameters needed are q, ρ, and µ.
2. The equations are applicable to essentially the same parachute/payload geometry as that used to determine C 0 and C 1 . When using Method 1, small differences in λ g and/or S 0 /S p are taken into consideration. Because the values of λ g are nearly constant, the sensitivity of C D to the assumed value of k is small (however, the value of k is subject to the limitation specified in observation 3). 3. The value of k used with these equations has to be the same used in the original determination of λ T (k = 0.7 in the present example). 4. The equations are applicable for parachutes using any fabric material for which K 1 and K 2 are known. 5. Equation (13) Applying the data in tables 9 and 10 to equations (13) and (14) 9 ). This comparison, however, needs to be considered in light of the differences in fabric materials noted in the "Comments" column of table 10 and the uncertainty bounds on the pre-flight estimated nominal value of C D namely ±12.5 percent. 
Concluding Remarks
The fabric permeability data obtained served its principal purpose -to aid in the interpretation and use of parachute data. The expected relationship between total porosity and drag coefficient was confirmed. Combining the effective porosity models (derived from the fabric permeability data) with the wind tunnel test results allowed for an estimation of the drag coefficient of the example parachute system geometry (MSL) operating at the same Mach number on Mars. This estimate of the drag coefficient is close to the nominal pre-flight estimated value, giving credibility to the analysis approach presented in this technical memorandum.
A suggested topic for follow-on research is to verify the assumption that the effective porosity of parachute fabrics can be modeled as a function of unit Reynolds number, independent of the upstream pressure, p, at which the test is conducted, and independent of the gas used for testing. Note that the pressure-and gas-independence assumptions were made in the final set of calculations for the example; the effective porosity of the fabrics were determined in air at ambient upstream pressure, and these data were used in calculations for Mars' low-pressure carbon dioxide atmosphere.
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Permeability Test Results Appendix A Table A1 . Permeability results for PIA-C-7020D Type I fabric in chronological testing order. 
Replicate Permeability Test Results Appendix B
Replicate permeability tests were conducted to evaluate the test-to-test contribution to the variation in the permeability results. Sample 3 of the PIA-C-7020D Type I fabric was retested three times (replicates 1-3), using its corresponding test sequence as shown in table 2. Samples 3 and 4 of the PIA-C-44378D Type I fabric were retested three times each (replicates 1-3), using their corresponding test sequences as shown in table 2. The samples were reset in the instrument between replicate tests. The results of the original tests (symbols), and the replicate tests (interpolated lines) are shown in Figure B1 and Figure B2 . The replicate tests' data are presented numerically in Table B1 and Table B2 . From these figures and tables it was observed that the test-to-test contribution to the variation observed in the original results was relatively small as compared to the sample-to-sample variation. 
